The lengths of orthologous protein families in Eukarya are almost double the lengths found in Bacteria and Archaea. Here we examine protein structures in 745 genomes and show that protein length differences between superkingdoms arise as much shorter prokaryotic nondomain linker sequences. Eukaryotic, bacterial, and archaeal linkers are 250, 86, and 73 aa residues in length, respectively, whereas folded domain sequences are 281, 280, and 256 residues, respectively. Cryptic domains match linkers (P < 0.0001) with probabilities ranging between 0.022 and 0.042; accordingly, they do not affect length estimates significantly. Linker sequences support intermolecular binding within proteomes and they are probably enriched in intrinsically disordered regions as well. Reductively evolved linker sequence lengths in growth rate maximized cells should be proportional to proteome diversity. By using total in-frame coding capacity of a genome [i.e., coding sequence (CDS)] as a reliable measure of proteome diversity, we find linker lengths of prokaryotes clearly evolve in proportion to CDS values, whereas those of eukaryotes are more randomly larger than expected. Domain lengths scarcely change over the entire range of CDS values. Thus, the protein linkers of prokaryotes evolve reductively whereas those of eukaryotes do not.
The lengths of orthologous protein families in Eukarya are almost double the lengths found in Bacteria and Archaea. Here we examine protein structures in 745 genomes and show that protein length differences between superkingdoms arise as much shorter prokaryotic nondomain linker sequences. Eukaryotic, bacterial, and archaeal linkers are 250, 86, and 73 aa residues in length, respectively, whereas folded domain sequences are 281, 280, and 256 residues, respectively. Cryptic domains match linkers (P < 0.0001) with probabilities ranging between 0.022 and 0.042; accordingly, they do not affect length estimates significantly. Linker sequences support intermolecular binding within proteomes and they are probably enriched in intrinsically disordered regions as well. Reductively evolved linker sequence lengths in growth rate maximized cells should be proportional to proteome diversity. By using total in-frame coding capacity of a genome [i.e., coding sequence (CDS)] as a reliable measure of proteome diversity, we find linker lengths of prokaryotes clearly evolve in proportion to CDS values, whereas those of eukaryotes are more randomly larger than expected. Domain lengths scarcely change over the entire range of CDS values. Thus, the protein linkers of prokaryotes evolve reductively whereas those of eukaryotes do not.
protein domain | evolutionary constraint | intrinsic disorder T he lengths of proteins are subject to systematic variation that relates to the cellular context in which they function. So, randomly chosen proteins from Archaea and Bacteria tend to be only two thirds as long as those chosen from Eukarya (1-3). Likewise, mean values for 300,000 protein sequences arranged in 18,000 orthologous families average 508, 309, and 311 aa for Eukarya, Bacteria, and Archaea, respectively (4) . These characteristic differences in protein lengths are thought to reflect the degree to which reductive pressure is expressed in the three superkingdoms (4) . The length or mass of proteins is a potentially important characteristic because, for growth rateoptimized cells, there is always an advantage for proteins to be as small as possible to increase their mass-normalized kinetic efficiencies (4) (5) (6) . Shorter proteins that retain maximum rates of function are expected to support faster growth rates of cells than longer proteins that have the same kinetic characteristics. However, the intensity of this reductive pressure will decrease as its cellular mass fraction decreases (4) . As the complexity of the cellular proteomes of eukaryotes is, in general, much greater than that of prokaryotes (7, 8) , an average individual eukaryotic protein will be present at a much lower mass fraction than its orthologues in Archaea and Bacteria. For this reason alone, we expect the selective pressure constraining a representative protein sequence length to be weaker in eukaryotes, which may account for the observation that the standard deviations (SDs) for orthologous protein lengths are twice the magnitude in eukaryotes compared with those for Archaea and Bacteria (4) .
Proteins are highly structured and contain one or more regions that are generally recurrent and that fold into compact 3D molecular arrangements, the protein domains (9, 10) . Multidomain proteins are usually described as tandem lengths of folded domains alternating with nondomain regions that are not folded. The distribution of domains in superkingdoms and in the Protein Data Bank is quite biased, with a significant number of domains being unique to Eukarya (10) . Transmembrane domains are also underrepresented compared with those of globular proteins. Some nondomain sequences have been identified as intrinsically unstructured or natively unfolded sequences (11, 12) . These lack a stable tertiary structure, but they do have a dynamic range of conformations that distinguishes them from the loops and diverse sequences that lack regular secondary structures but may also be classified as nondomain sequences (11, 12) . Regions that are intrinsically disordered have been widely studied in proteins. They are much more enriched in eukaryotes compared with prokaryotes and are usually involved in binding and molecular recognition (13, 14) . Intrinsically disordered sequences also have significantly different amino acid preferences (13) . In the present study, we group all sequences without a stable tertiary fold as nondomain sequences. We note that domains are most often the catalytically active regions of proteins, but they may also support linkage to other proteins as well as nucleic acids and diverse macromolecules (12, 15) . Nondomain regions in the form of terminal tails and internal linkers have been associated primarily with interactions that stabilize diverse macromolecular complexes, as well as the linking together of domains into higher-order tertiary folds (3, 11, (16) (17) (18) (19) (20) . Here, for simplicity, we use the terms "domain" and "linker" to refer to folded domains and nondomain regions, respectively, but we recognize a degree of functional overlap between these two sorts of protein substructures.
The present data show that the evolutionary trajectories of domains and linkers are distinguishable by the fact that reductive constraints on protein lengths are preferentially expressed in linker sequences. In contrast, domain sizes are more stable throughout the three superkingdoms. Furthermore, a monotonic correlation between linker lengths and the total in-frame coding capacity [i.e., coding sequence (CDS)] of genomes is observed among archaeal and bacterial microbes. This correlation suggests that variation in the CDS values typical of prokaryotes evolving under growth rate optimization constraints drives the evolution of minimal linker lengths. In contrast, eukaryote linker lengths exceed expected minimal lengths, suggesting that, in these cells, reductive pressure from the putative growth rate optimization is vitiated or absent.
Results
Structural Assignments. A large data set of structures assigned to protein sequences using hidden Markov models (HMMs) of structural recognition in SUPERFAMILY (15) was analyzed in 745 genomes, including 215 Eukarya, 478 Bacteria, and 52 Archaea genomes (Table S1 ). Our analysis assumes that all genes are accurately predicted in the genomes. The averages tabulated describe complex populations of proteins including substantial minorities of multidomain proteins that make up 26% to 32% of the proteins in the three superkingdoms (Table 1) . Here, the composite lengths of both domains and linkers are described so that, for all proteins, these lengths are the sums of multiple domains and multiple linkers when applicable. Fig. S1 shows whisker plots for average protein, domain, and linker lengths of representative sets of genomes, describing the typical dispersion of length expected in the genomes that were sampled. We note that the possible existence of unsolved structures (21, 22) and the limitations of the HMM method cannot guarantee that all structures in a sequence will be uncovered. This might introduce some uncertainties to length estimates. However, careful analysis of the overall distribution of domains and linkers segments, domains that overlap, and HMM performance within families of orthologues suggest that this is a negligible problem (SI Materials and Methods). We find that HMMs detect superfamilies equally well in the three superkingdoms, and they do not show preferences for homologues of the seed sequences of the models (Table S2 ) or for superkingdom-specific sequences. These results are consistent with previous observations (15) and suggest that domain boundaries of remote homologues of the seed sequence are reliable. Moreover, if we assume that cryptic domains in linkers follow the same length distribution of domains detected by current HMMs, the data show that few of the putative domains could be accommodated in linkers, even if they were overlapped (Figs. S2-S4). In fact, comparison of frequency distributions of domains and linkers reveals that, on average, cryptic domains match linkers with probabilities in the range 0.022 to 0.042 (nonparametric Mann-Whitney test, P < 0.0001). Given these estimates, the maximum cumulative influence of such cryptic domains on average linker length would be, at most, approximately 22% in each superkingdom (Table S3 ). In summary, the reliability of the protein length patterns recovered in the present study have been tested and found to be robust.
To determine if linker sequences are enriched in intrinsically disordered regions, we studied the amino acid composition of linkers and domains. We found that linkers and domains showed significantly distinct amino acid preferences (paired t test, P < 0.01) in the three superkingdoms (Fig. S5) . These preferences included known disorder-promoting residues (e.g., S, R, P, Q, E) in linkers that are typical of intrinsically disordered regions and known order-promoting residues (e.g., C, I, F, V, L, H) in domains typical of 3D structure (13) . As cryptic domains match linkers with low probability, it seems reasonable to infer that intrinsically disordered regions are widely present in linkers. In fact, we analyzed the entire set of confirmed intrinsically disordered proteins (n = 643 in total) and found that 63 entries contained domains and had fewer than 30% structurally undetermined regions. Within these, 88.6% of residues in linker regions were disordered (only 1.8% were ordered), suggesting that intrinsically disordered regions can be substantial in linkers.
Domain and Linker Lengths Among the Three Superkingdoms. The data summarized in Table 1 and Fig. 1 show that the mean values of protein lengths in Archaea are very roughly 10% smaller for single-domain as well as for multiple-domain proteins compared with those of Bacteria. Much more pronounced differences are found in comparisons with eukaryotes. Here, the proteins of Ar- Statistical tests of the reliability of these averages are described in SI Materials and Methods. *An average of 55.02% ± 10.79 (SD), 65.52% ± 5.48, and 61.94% ± 3.88 of sequences had structural assignments in Eukarya, Bacteria, and Archaea, respectively. † Kruskal-Wallis one-way ANOVA on ranks. The differences in all of the median lengths of domains or linkers among Eukarya, Bacteria, and Archaea are statistically significant (P ≤ 0.001).
chaea 1-4) .
The immediate impression from the data summarized in Table  1 is that the most significant differences between overall lengths of proteins from Eukarya, and also those from Archaea and Bacteria, primarily result from systematic differences in the lengths of linker sequences. On average, the Eukarya have more than threefold greater linker lengths than Archaea and Bacteria (Table  1 and Fig. 1) . The mean lengths of the linkers are 250, 86, and 73 aa for Eukarya, Bacteria, and Archaea, respectively.
In contrast, proteins in the three superkingdoms have similar domain lengths, with mean values of 281, 280, and 256 aa for Eukarya, Bacteria, and Archaea, respectively (Table 1 ). In addition, there is a characteristic scattering of domain and linker lengths from the three superkingdoms that is particularly evident in one-and two-domain proteins (Fig. 1) . Here, the small cluster of archaeal domains and linkers overlaps the smaller end of the bacterial cluster. In contrast, the length of domains in multidomain proteins of Archaea overlaps but is generally smaller than in Bacteria (Fig. 1) . (Fig. 1) . Furthermore, the relative numbers of sequences with three or more domains is approximately 30% greater in eukaryotes than in Archaea and Bacteria (Table 1) .
The multidomain proteins also reveal distinctive size distributions (Fig. S4) . The fractions of proteins with increasing numbers of domains decrease very rapidly in all three superkingdoms, whereby proteins with one or two domains constitute approximately 90% of all of sequences (Table 1 ). There is a marked tendency for the domains to shrink in size as their numbers per protein increase; this is most pronounced for Eukarya. Consequently, the aggregate domain lengths of the largest multidomain proteins among Eukarya may be as much as 20% shorter than their counterparts among Archaea and Bacteria (e.g., average domain lengths of 604 and 731 aa residues in five-domain proteins for Eukarya and Bacteria, respectively). Likewise, the cumulative linker sequences of the eukaryotic multidomain proteins do not increase at the same rate as the cumulative domain lengths do with increasing domain numbers. The archaeal multiple domain proteins, as a whole, are marginally shorter than their bacterial counterparts, which are significantly shorter than those of Eukarya. Nevertheless, the most striking discrepancy is that Eukarya proteins in all categories are equipped with linkers that are approximately two to three times longer than those of Archaea and Bacteria.
Continuous Variation of Linker Lengths. We compared in greater detail the linker lengths for proteins in cells from the three superkingdoms and some phyla. Briefly, N-terminal linkers (79 and 25 residues for Eukarya and Archaea, respectively) are generally slightly shorter than C-terminal linkers (87 and 28 residues for Eukarya and Archaea, respectively) in Archaea and Eukarya, but not in Bacteria, in which there is the opposite inequality. In addition, the N-terminal linkers in almost all animals and fungi are shorter than C-terminal linkers with a small number of exceptions. In most Bacteria and Archaea, the lengths of their internal linkers are shorter than N-terminal or C-terminal linkers. Average lengths from animals, fungi, plants, and protists suggest that plants have the shortest linkers and that fungal linkers are the most narrowly distributed, whereas protists have the longest and most dispersed linker sequences. All this detailed variability needs further study. At this point, these data suggest that different phylogenetic groups of organisms have evolved linker lengths in idiosyncratic ways.
The present data contradict the expectation (3) of discrete differences between eukaryote linker lengths and prokaryote linker lengths. Fig. 2 is a 3D plot that highlights the aggregate linker lengths of all proteins compounded from their N-terminal, C-terminal, and, if present, internal linker sequences. We observe a continuous variation of the aggregate linker length vector with all the proteins of the three superkingdoms. Thus, linker lengths for all proteins of the three superkingdoms can be sorted in a continuous series rather than in discontinuous blocks characterized by discrete sizes.
Linker and Domain Length Correlations with Proteome Diversity. We recall that it is primarily linker lengths that vary between proteomes and not domain lengths (as detailed earlier). Accordingly, we might speculate that, if diversity of proteomes is approximately proportional to genome size, this might be reflected in plots of average linker lengths against genome sizes for cells of the three superkingdoms (4-7, 23). Although we observed a gradual increase of prokaryote linker lengths along with the corresponding genome lengths, eukaryote linker lengths were much longer than expected and approximately randomly distributed around a higher average value that did not correlate with genome length. The interpretation of these results was complicated by the potential influence of uncorrelated amounts of noncoding repetitive genome sequences.
To circumvent an influence of repetitive noncoding sequences on the analysis, we plotted average linker lengths against total CDS lengths. The CDS is the sum of codons in ORFs in a genome and is accordingly a measure of the total coding capacity for amino acid sequences of a genome, i.e., the diversity of the corresponding proteome. The CDS is also a measure of DNA and mRNA sequence heterogeneity for the corresponding genome. When the CDS values are plotted against domain diversity represented as the numbers of different domains at the fold superfamily (FSF) level of structural classification, significant linear correlations (R 2 = 0.609-0.874; P < 0.001) are obtained (Fig. S6 ). In brief, the CDS is a useful measure of the potential proteome diversity of a particular cell, but it does not take into account variations of expression levels. When we plot average linker lengths against total CDS for individual genomes, similar results to those obtained with uncorrected genome lengths are obtained (Fig. 3) . Fig. 3 describes the domain length and linker length distributions as a function of aggregate CDS for the genomes analyzed. The interpretation of this plot is based on the simplistic assumption that the combined coding capacity of a cell, as represented by its CDS value, is a valid measure of the diversity of that cell's proteome. Two convincing correlations surface in Fig. 3 . First, the domain lengths of proteins from all three superkingdoms are relatively stable throughout the range of variation of CDS; the net increase over that range is less than 5%. In contrast, the lengths of linkers increase approximately twofold over the same range of CDS values for Archaea and Bacteria. In other words, the average lengths of the corresponding linker sequences are correlated with the molecular diversity encoded in the prokaryote genomes. This correlation suggests that reductive pressures are constraining the variation of linker lengths in the archaeal and bacterial populations (4-7, 23).
Here, one additional factor that may generate the observed scatter of these points is the dependence of the selective pressure for minimal protein lengths on the expression levels of individual proteins (4). The individual expression levels of proteins vary enormously within and between different cellular proteomes.
The results for the eukaryote cohort are much more chaotic. Thus, the plots of linker lengths versus CDSs for Eukarya reveal substantial random variations of linker lengths around a relatively constant average length (Fig. 3) . This average length is greater than would be expected from an extrapolation of minimal lengths expected for eukaryotes based on the prokaryote relationship between linker length and CDS in Fig. 3 . In other words, the best-fit simulation constructed for the Eukarya suggests that the average length of linkers within that cluster is not responding systematically to substantial increases in the molecular diversity (i.e., CDS) of the corresponding genomes (Fig. 3) . The correlation coefficient of that best-fit second-order polynomial curve is a respectable 0.96. It would seem that the greater eukaryotic linker lengths are indifferent to the reductive pressures correlated with increasing CDS in prokaryotes. Similar conclusions could be drawn from plots that use domain diversity instead of CDS (Fig. S7) .
Discussion
The evolution of protein structure in general and linker sequences in particular is conditioned by the remarkably high ambient concentrations of cellular proteins, which typically correspond to 20% to 30% of cell mass (23) (24) (25) (26) (27) . Such cellular densities are described in terms of "molecular crowding," in which the space between macromolecules is much less than their diameters so diffusion of macromolecules is retarded. As a consequence, molecular crowding favors macromolecular associations into large complexes as well as networks of proteins and nucleic acids that can support kinetically efficient biological functions without requiring rapid diffusion of macromolecules (24, 25) . High densities also enhance the diffusion rates of small molecules because the excluded volumes of the proteins reduce the effective volume through which small molecules diffuse. The sum of these effects is that the high macromolecular densities enhance the kinetic efficiencies of proteins through functional complex formation. Molecular crowding is similar in Archaea and Bacteria, but its effects are exaggerated in the much larger cells of Eukarya. Accordingly, subdivision of high densities of proteins into distinct compartments, each with its characteristic functionally interactive macromolecules, is a feature of Eukarya that promotes kinetically efficient use of proteins and nucleic acids (23) . Our working hypothesis is that linker sequences evolve in support of functional protein complexes as well as to localize proteins in subcellular compartments (3, 11, (16) (17) (18) (19) (20) .
Previous studies (1-4) have focused on the average lengths of pooled proteins from each of the superkingdoms. It was therefore natural to attribute these length variations to discrete differences between protein functions in the superkingdoms. For example, it was suggested that the presence of cellular compartments in eukaryotes necessitated the evolution of extra sequences to address proteins to specific compartments (3). Such addressing sequences were expected to be absent from Archaea as well as from Bacteria. In contrast, the data summarized in Fig. 2 show that the sequence lengths of linkers can be arranged in a continuous rank order. Thus, the expectation (3) that discrete blocks of addressing sequences would be present in eukaryote proteins and absent from prokaryote proteins is contradicted by this continuous variation of linker lengths (Fig. 2) .
Our working hypothesis identifies a primary function of linker sequences with the provision of site-specific interactions with RNA, DNA, and proteins (3, 11, (16) (17) (18) (19) (20) . Three factors may have an influence on the minimal lengths of binding sequences in the proteins of growth rate optimized cells (4, 5) . First, the reductive selective pressure on protein lengths will decrease as the diversity of the proteome increases because the expression level of individual proteins decreases (4, 5) . For this reason, protein linkers may vary with the coding capacity of prokaryote genomes (Fig. 3) . Among Eukarya, the linker lengths exceed the expected minima in random ways (Fig. 3) .
Second, minimum lengths of linker binding sites are required to ensure sequence specificity of binding either to proteins or to nucleic acids. The minimum length for this specificity would increase with the numbers and concentrations of competing nonspecific interactions with closely related ligands (20, 28, 29) . As the expected numbers of competitors increase with the diversity of RNA, DNA, and protein targets, the minimum length of Fig. 2 . Three-dimensional plot illustrates distribution of average lengths of corresponding N-terminal, C-terminal, and internal linker sequences in every genome analyzed in Fig. 1 . The coordinates of every genome (circle) were determined by plotting average lengths of linkers of all protein sequences in a genome. binding sequences is expected to increase with the complexity of CDSs in genomes. Here too, prokaryote linker lengths may be subject to reduction to the corresponding minimal lengths (Fig. 3) .
Third, kinetics of association between correctly matched proteins and their targets limit complex formation rates progressively as the concentrations of proteins decreases as a result of increasing diversity. Increasing the lengths of binding sequences progressively as the diversity of the proteome increases in prokaryotes may compensate the loss in kinetic efficiency of association (30) (Fig. 3) . Furthermore, the intrinsically disordered regions seem to be more frequent in the longer eukaryote linkers than in short prokaryote linkers. Accordingly, intrinsically disordered sequences may be selected to support rapid and efficient binding interactions that would be retarded by linker sequences that form transient secondary structures or tangled arrays.
In summary, all three of these factors may contribute to the increase in the linker lengths of the prokaryote linkers associated with increases in the CDS. As the eukaryotic linker lengths most often exceed these minimal values, we conclude that the growth rate maximization that is the basis of the reductive pressure exerted on Archaea and Bacteria (4-7, 23) may not be directly applicable to Eukarya.
We do not have to go far to discover reasons for the inapplicability of the growth rate maximization to Eukarya. Thus, the relatively small population sizes of Eukarya may reduce the intensity of selection pressure on their genomes (31) (32) (33) . Indeed, another indicator of lower reductive pressure is the common finding that noncoding sequences can accumulate in great excess over CDSs in Eukarya, whereas noncoding sequences are commonly a minor fraction of genomes in Archaea and Bacteria (33) . Second, the much greater coding capacities of most eukaryote genomes increases their vulnerability to random mutations that could otherwise facilitate the reductive pressure on CDS and noncoding sequence lengths (33) . In effect, potential collateral damage caused by random deletions in very large CDSs of eukaryotes might preclude the magnitude of random deletion rates per nucleotide that, in microorganisms, can support the minimization of noncoding genome sequences (33) . Nevertheless, it remains to be determined why, in general, eukaryote diploid sexual populations are unsuitable for the growth rate maximization that is apparently expressed as the reductive evolution of linker lengths in asexual haploid prokaryote populations.
The stable structures of folded domains are considered autogenic in the sense that the final fold is not dependent on heterologous molecular interactions. For this reason, the length minimization of the self assembled structures that form functional domains may be relatively insensitive to the cellular context as suggested by the near stability of domain sizes across the entire span of proteomes (Fig. 3) . On the contrary, in a limited number of cases, there may be selection for functionally equivalent, smaller domains that are unstable in single domain proteins but that are stabilized by quaternary interactions in multidomain proteins, especially among Eukarya (Table 1) .
It has been suggested that Archaea and Bacteria diverged from Eukarya in reductive trajectories that are reflected in the details of their modern proteomes (4, 7, 8, 23) . The present data show that minimal linker lengths evolve normally in proportion to the relatively limited coding capacities of prokaryotic genomes.
Materials and Methods
A total of 2,983,835 protein sequences in 745 proteomes were downloaded from SUPERFAMILY (15), of which 64%, 34%, and 2% were of eukaryotic, bacterial, or archaeal origin, respectively. Lengths of domains and linkers for single domain and multidomain proteins, given in numbers of amino acids, were calculated and statistically compared for the three superkingdoms. Several statistical tests and experiments were carried out to detect the reliability and robustness of domain assignments with HMMs of structural recognition. We found no bias among different superkingdoms. We also estimated the probability of linker sequences matching cryptic domains to assess their potential influences on our conclusions. A detailed description of experimental procedures is available in SI Materials and Methods.
